Introduction
============

Epithelial cells may undergo an epithelial-to-mesenchymal transition (EMT) with acquisition of a mesenchymal phenotype and a migratory capacity. Remarkably, these changes appear to be signs of cellular plasticity as EMT is often reversed, in secondary anatomical sites, by a mesenchymal-to-epithelial transition. The EMT/mesenchymal-to-epithelial transition dynamics characterize physiological processes (i.e. organogenesis, development, wound healing and regeneration) and drives epithelial tumor metastasis (for a review see Thiery *et al.*^[@bib1]^).

Various repressors are sufficient to trigger and orchestrate EMT: ZEB1, SIP1/ZEB2, Twist1, Twist2, E12/E47, Tbx3, Slug, Smuc and, in particular, Snail1 (Snail).^[@bib2],\ [@bib3],\ [@bib4],\ [@bib5],\ [@bib6]^ While chromatin modifiers and epigenetic modifications are required in EMT,^[@bib7],\ [@bib8],\ [@bib9],\ [@bib10],\ [@bib11]^ molecular mechanisms linking, in a site-specific manner, master transcription factors and epigenetic machineries are still largely unexplored.

The current knowledge identifies as a key chromatin-repressive modification the trimethylation of histone H3 lysine 27 (H3K27me3), accomplished by the member of the polycomb-repressive complex 2 (PRC2) named enhancer of zeste Homolog 2 (EZH2).^[@bib12],\ [@bib13],\ [@bib14]^ The mechanism in cell reprogramming that confers specificity to polycomb targeting is unknown,^[@bib15]^ even if specific determinants must exist, and the early binding of DNA-binding factors facilitating PRC complexes recruitment has been demonstrated in few cases.^[@bib16],\ [@bib17],\ [@bib18],\ [@bib19]^

The long non-coding RNA (lncRNA) HOTAIR (for HOX Transcript Antisense Intergenic RNA)^[@bib20]^ is an assembling scaffold for EZH2 targeting H3K27 methylation to discrete regions of the genome.^[@bib21],\ [@bib22]^ If the specificity of PRC2--RNA interactions has been recently questioned as promiscuous *in vitro*,^[@bib23],\ [@bib24]^ *in vivo* HOTAIR is an excellent predictor of epithelial tumor metastasis causing genome-wide PRC2 retargeting.^[@bib21],\ [@bib25],\ [@bib26]^ Once again, the mechanism of *in trans* HOTAIR-mediated recruitment of PRCs is not established, while clearly involving more than direct RNA-DNA complementarity^[@bib21]^ and specific partners.

Here we focused on Snail starting from the hypothesis that a repressor sufficient to drive EMT must directly guide the recruitment of enzymes locally impacting chromatin modifications. We demonstrated the role of Snail as an organizer, on a number of epithelial genes, of a molecular platform that includes PRC2: specifically, Snail was found to regulate histone modifications through the enrollment of HOTAIR.

Notably, we concentrated on *in vivo* studies: inspired by the innovative approach described by McHugh *et al.*,^[@bib27]^ we used the RNA pull-down after UV crosslinking, coupled to RNA immunoprecipitation (RIP) experiments, to demonstrate the direct and specific interaction between HOTAIR and Snail and to validate *in vivo* the binding between HOTAIR and EZH2. Furthermore, the interaction among Snail, HOTAIR and EZH2 on epithelial genes was found instrumental for the execution of the EMT. Chromatin isolation by RNA purification (ChIRP) and chromatin immunoprecipitation (ChIP) approaches highlighted the HOTAIR/SNAIL/EZH2 complex specifically localized at Snail binding sites on the promoters of a number of epithelial gene targets of this repressor only if Snail is present. Further, ChIP analysis for EZH2 and H3K27 methylation demonstrated that the repression of these epithelial genes needs the enrollment of HOTAIR/EZH2 by Snail.

Results
=======

HOTAIR behaves as a mesenchymal gene with a functional role in the Snail-dependent epithelial gene repression
-------------------------------------------------------------------------------------------------------------

Evidence correlating HOTAIR expression to the acquisition of invasive properties by epithelial tumor cells^[@bib21],\ [@bib25],\ [@bib26]^ prompted us to investigate the role of this lncRNA in differentiated hepatocytes responsive to EMT dynamics ([Figure 1](#fig1){ref-type="fig"} and [Supplementary Figure 1](#sup1){ref-type="supplementary-material"}). To this aim, HOTAIR levels were first monitored in a hepatocyte cell line well characterized to undergo into a transforming growth factor-β (TGFβ)-induced EMT:^[@bib28],\ [@bib29],\ [@bib30],\ [@bib31],\ [@bib32]^ *HOTAIR* was positively regulated in EMT, in parallel to the induction of *Snail* and of the mesenchymal genes *vimentin* and *fibronectin*, whereas the epithelial targets *E-cadherin* and *HNF4α* were repressed ([Figure 1a](#fig1){ref-type="fig"}; the modulation of these genes is well known to be causative of the transition^[@bib33],\ [@bib28]^). The levels of *EZH2* were not significantly modulated ([Figure 1a](#fig1){ref-type="fig"}).

These data showing HOTAIR induction when the epithelial identity is lost might suggest a causal role for HOTAIR in EMT. Consequently, to move from correlative evidence to a functional investigation, we analyzed the response of the hepatocytes to HOTAIR overexpression or its silencing.

As shown in [Figure 1b](#fig1){ref-type="fig"}, ectopic expression of HOTAIR in these epithelial cells did not induce statistically significant modulation of the mesenchymal and epithelial genes analyzed. Conversely, the response of the TGFβ-induced transitional hepatocytes when HOTAIR is silenced ([Figure 2a](#fig2){ref-type="fig"}) highlighted a functional role for this RNA: in HOTAIR-interfered cells, the TGFβ-induced upregulation of the mesenchymal genes *Snail*, *fibronectin* and *vimentin* did not correlate with the repression of the epithelial genes *HNF4α*, *E-cadherin* and *HNF1α* ([Figure 2a](#fig2){ref-type="fig"} and [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}). Notably, the TGFβ-induced upregulation of Snail, verified also at the protein level, did not result in the full repression of its main targets *E-cadherin* and *HNF4α*, suggesting a Snail activity functional impairment when HOTAIR was silenced ([Figure 2a](#fig2){ref-type="fig"} and [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}).

Taking into account the pleiotropy of the TGFβ-mediated effects, involving the induction of both Snail and other EMT transcriptional factors, we considered necessary to focus on the sole Snail-mediated transcriptional repression activity.^[@bib1]^ We therefore analyzed the EMT of hepatocytes both ectopically expressing Snail and interfered for HOTAIR. Although HOTAIR silencing did not interfere with the Snail-mediated mesenchymal marker induction, it profoundly impacted the repression of the epithelial genes *HNF4α*, *E-cadherin* and *HNF1α* ([Figure 2b](#fig2){ref-type="fig"} and [Supplementary Figure 2](#sup1){ref-type="supplementary-material"}), previously experimentally validated as Snail targets.^[@bib1],\ [@bib29],\ [@bib34]^ Coherently, hepatocytes that ectopically expressed Snail did not undergo a complete morphological EMT when silenced for HOTAIR, still retaining an epithelial morphology with membrane-bound E-cadherin ([Figure 2c](#fig2){ref-type="fig"}).

Overall, the loss of the cellular response to TGFβ observed when HOTAIR is silenced can be ascribed to a Snail functional impairment, as monitored by the regulation of the epithelial genes considered. Moreover, the evidence described indicates for the first time a functional HOTAIR requirement in Snail-mediated epithelial target repression during both TGFβ- and Snail-induced EMT.

HOTAIR has a bridging role in the Snail/EZH2 complex
----------------------------------------------------

The effect of HOTAIR on the Snail-mediated repression suggests the possibility that this lncRNA might interact with Snail, forming a complex with a function in EMT. We first explored by RIP assays the possible HOTAIR--Snail interaction and analyzed whether the previously reported *in vitro* interaction between EZH2 and HOTAIR^[@bib22],\ [@bib35]^ also occurred in murine hepatocytes undergoing EMT. As shown in [Figure 3a](#fig3){ref-type="fig"}, Snail immunoprecipitation was found to recruit HOTAIR and none of the other control transcripts (i.e. L34 and GAPDH pre-mRNAs and the known EZH2-interactor lncRNA named steroid receptor RNA activator (SRA^[@bib36]^). The specificity of HOTAIR binding to Snail was also confirmed by RIP assays with another transcriptional factor, that is, HNF4α ([Supplementary Figure 3](#sup1){ref-type="supplementary-material"}). On the other hand, as expected, EZH2 was found able to recruit both HOTAIR and SRA ([Figure 3a](#fig3){ref-type="fig"}).

Furthermore, reciprocal Snail and EZH2 co-immunoprecipitation experiments revealed the formation of a Snail/HOTAIR/EZH2 complex in TGFβ-treated cells, while in TGFβ-treated cells silenced for HOTAIR this interaction was lost ([Figure 3b](#fig3){ref-type="fig"}).

Our conclusions are not limited to the murine model. Indeed, the human HOTAIR lncRNA shares partial but significant sequence similarity (55% identity) with its mouse homolog ([Supplementary Figure 4](#sup1){ref-type="supplementary-material"}). Also, well conserved are the EZH2 and Snail proteins (92.8% and 99.3% sequence identity, respectively). This opened the need of exploiting our results in human cells; consequently, we extended our analysis to human Hep3B HCC lines. Notably, consistent with the hypothesis that their close evolutionary relationship corresponds to a conserved similar function, Snail and HOTAIR, as well as EZH2 and HOTAIR, form a complex also in TGFβ-treated human hepatoma cells ([Figures 3c and d](#fig3){ref-type="fig"}): Snail immunoprecipitation and, as expected, EZH2 immunoprecipitation specifically retrieved endogenous HOTAIR in RIP assays ([Figure 3c](#fig3){ref-type="fig"}); moreover, the formation of a Snail/HOTAIR/EZH2 complex was confirmed by reciprocal Snail and EZH2 co-immunoprecipitations ([Figure 3d](#fig3){ref-type="fig"}).

Taken together, these data suggest that Snail may (directly or indirectly) interact with HOTAIR and HOTAIR can mediate the Snail/EZH2 interaction.

Next, we aimed to prove the potential HOTAIR--Snail direct interaction. As the *in vitro* interaction between PCR2 components and lncRNAs has been recently reported somewhat promiscuous,^[@bib23],\ [@bib24]^ to distinguish between the direct lncRNA--protein interactions that occur in the cell from those that only associate in solution and to exclude indirect binding, we accomplished *in vivo* assays (according to McHugh *et al.*^[@bib27]^ and Chu *et al.*^[@bib37]^) in murine hepatocytes. RNA pull-down was performed either without or after UV crosslinking and subsequent purification of complexes after washes in non-denaturing or in denaturing conditions. The UV crosslink/denaturing wash protocol allows the identification of chromatin-extracted proteins only when directly interacting with specific RNAs, while indirect interactions are disrupted (see Materials and methods).

As shown in [Figure 4a](#fig4){ref-type="fig"} a pool of specific DNA oligonucleotides was found able to capture HOTAIR from chromatin. Snail was found to bind directly and specifically to HOTAIR in cells overexpressing both Snail and HOTAIR and, notably, in cells overexpressing only Snail, which induces endogenous HOTAIR expression ([Figure 4b](#fig4){ref-type="fig"}, left panel, and [Figure 2b](#fig2){ref-type="fig"}). These results are confirmed in TGFβ-treated cells ([Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). This occurs in non-denaturing conditions and, notably, in denaturing condition only after UV crosslinking, thus proving a direct HOTAIR--Snail interaction ([Figure 4b](#fig4){ref-type="fig"} and [Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). RNAse treatment of these samples impedes the binding between HOTAIR and both SNAIL and EZH2, further demonstrating that these interactions are RNA-mediated ([Supplementary Figure 6](#sup1){ref-type="supplementary-material"}). As a negative control, pre-ribosomal 45S RNA was also pulled down by specific complementary oligonucleotides; these did not retrieve HOTAIR in none of the experimental conditions and no interaction with Snail or EZH2 was found ([Figures 4a and b](#fig4){ref-type="fig"} and [Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). Notably, in parallel experiments, the interaction between EZH2 and HOTAIR, previously described *in vitro*,^[@bib22],\ [@bib35]^ has been found to occur also *in vivo* in these experimental conditions and independently from Snail ([Figure 4b](#fig4){ref-type="fig"}, right panel and [Supplementary Figure 5](#sup1){ref-type="supplementary-material"}). Again this occurs in non-denaturing conditions and, notably, in denaturing condition only after UV crosslinking, proving a direct HOTAIR--EZH2 interaction.

In summary, we demonstrated the *in vivo* direct interactions between Snail and HOTAIR and EZH2 and HOTAIR, linking a transcriptional repressor to the main writer of the chromatin-repressive marks, the catalytic member of the PCR2 complex EZH2. This evidence, together with the functional requirement of HOTAIR in the Snail-mediated repression, leads to the hypotheses that Snail conveys the PRC2 functional epigenetic activity on Snail-specific epithelial target genes through the enrollment of HOTAIR.

The Snail/HOTAIR/EZH2 complex has a functional role in epithelial gene repression
---------------------------------------------------------------------------------

To reveal the Snail/HOTAIR/EZH2 complex genome occupancy, we analyzed the Snail binding sites on DNA of the chromatin fraction pulled down by HOTAIR from *in vivo* UV crosslinked cells (note that the ChIRP, whose first step was described above, allows the identification of RNA locally bound to both proteins and DNA).^[@bib37]^ HOTAIR-bound DNA was enriched in Snail-specific epithelial target genes (i.e. E-boxes on *HNF4α*, *HNF1α* and *E-cadherin* promoters) in the chromatin fraction of Snail-overexpressing cells ([Figure 4c](#fig4){ref-type="fig"}). As negative controls the Snail-unresponsive *Timm* and *Snail* promoters were used.

Moreover, ChIP assays for the binding of Snail and EZH2 to the same epithelial genes were performed and H3K27me3 on the corresponding binding sites analyzed ([Figure 5](#fig5){ref-type="fig"}, [Figure 6](#fig6){ref-type="fig"} and [Supplementary Figure 7](#sup1){ref-type="supplementary-material"}). Hepatocytes treated or not with TGFβ (inducing Snail and EMT) were analyzed in the presence or absence of small interfering RNAs (siRNAs) specifically targeting HOTAIR (expressed in cells undergoing EMT). As shown in [Figure 5a](#fig5){ref-type="fig"}, Snail was bound to its consensus binding sites (E-boxes) on *HNF4α*, *HNF1α* and *E-cadherin* promoters in TGFβ-treated cells independently from HOTAIR expression ([Figure 5a](#fig5){ref-type="fig"}). Interestingly, the HOTAIR-independent Snail occupancy on epithelial gene promoters did not coincide with the local H3K27me3. In fact, H3K27me3 levels increased in TGFβ-treated cells compared with untreated cells on Snail binding sequences of *HNF4α*, *HNF1α* and *E-cadherin* promoters ([Figure 5b](#fig5){ref-type="fig"}); however, in HOTAIR-interfered cells, H3K27 trimethylation was found at lower levels with respect to control cells (in which endogenous HOTAIR was present; [Figure 5b](#fig5){ref-type="fig"}) in spite of TGFβ treatment. Notably, EZH2 was recruited to the same Snail binding sites only in TGFβ-treated HOTAIR-expressing cells ([Figure 6a](#fig6){ref-type="fig"}). Furthermore, analysis has been extended to TGFβ-treated Snail-silenced cells in which the presence of HOTAIR did not cause the EZH2 recruitment to the same promoters ([Supplementary Figure 7](#sup1){ref-type="supplementary-material"}). As negative controls for these experiments the Snail-unresponsive *Timm* and *Snail* promoters were used.

ReChIP experiments, as expected, confirmed that Snail recruits EZH2 on its target gene promoters in a HOTAIR-dependent manner ([Figure 6b](#fig6){ref-type="fig"}). These data, together with those previously showed in [Figure 2](#fig2){ref-type="fig"}, provided evidence for a Snail functional impairment, in the repression of epithelial genes, in the absence of HOTAIR.

Discussion
==========

The main finding of this investigation is that the Snail-repressive activity conveys the action of EZH2, the main writer of chromatin-repressive marks, to specific sites by means of the direct interaction with the lncRNA HOTAIR. The functional Snail/HOTAIR/EZH2 complex was found instrumental for the execution of the EMT by epithelial gene repression.

The mechanism conferring local specificity to PRCs is the matter of a long-lasting open question, whose resolution requires the investigation of the various biological processes involving PRCs and, conceivably, also a number of specific molecular players. PRC2 complex was described to have a broad RNA interactome,^[@bib38],\ [@bib39]^ although its RNA-binding specificity has been recently disputed. Recent studies, in fact, provided evidence for promiscuity of PRC2 *in vitro* binding to long transcripts.^[@bib23],\ [@bib24]^ *In vivo* data to our knowledge are limited to the analysis by Davidovich *et al.*^[@bib23]^ of RIP-seq and ChIP-seq available data sets, drawing a model in which PRC2 binding serves as a checkpoint to prevent escape from silencing.^[@bib40]^ Conceivably, the PRC2 binding *in vivo* to RNA(s) and the recruitment of this complex to specific loci are highly regulated, cell-type and/or context-specific steps that modulate the EZH2 enzymatic activity in the local chromatin environment. In this regard, the possible role(s) of lncRNAs is/are so far largely unknown.

The human lncRNA HOTAIR was previously described to bind to PRC2 and to the lysine-specific demethylase 1, both fundamental for gene silencing by H3K27 trimethylation and H3K4 demethylation, respectively.^[@bib22],\ [@bib35]^ Notably, evidence showing that manipulating HOTAIR levels reprograms cell state by genome-wide retargeting of PRC2^[@bib21]^ highlights an active role of this lncRNA in the modulation of PRC2-specific binding to chromatin, even if the mechanism is not yet clarified.

Here, in the frame of EMT, Snail is pinpointed to have the function of directing PRC2 to various epithelial targets through the direct enrollment of HOTAIR (see scheme in [Figure 7](#fig7){ref-type="fig"}), not ruling out the possibility that HOTAIR also contributes to the site specificity. *In vivo* evidence extending the scaffold role of HOTAIR to a transcription factor, namely Snail and also highlighting *in vivo* the direct HOTAIR--EZH2 interaction, has been gathered by means of RNA pull-down after UV crosslinking of cells and purification of complexes in denaturing conditions.^[@bib27],\ [@bib37]^ Furthermore, the bridging role of both murine and human HOTAIR, allowing Snail--EZH2 interaction, was established by RIP assays, coupled to co-immunoprecipitation experiments in both murine and human cells. Further experiments are required to address the possibility that other nucleic acid/proteins interact with the Snail/HOTAIR/EZH2 complex.

With respect to the functional role of the Snail/HOTAIR/EZH2 complex, Snail triggers EMT of the hepatocyte in a HOTAIR-dependent manner, impacting chromatin modifications causal to its repressive role through the site-specific recruitment of the complex HOTAIR/EZH2. This was observed specifically for genes having a pivotal functional role in epithelial morphogenesis and differentiation (i.e. *HNF4α*, *HNF1α* and *E-cadherin*). ChIRP and ChIP experiments allowed concluding that the HOTAIR/SNAIL/EZH2 complex is localized and functional at Snail binding sites, on the epithelial gene promoters, only if Snail is present. Notably, HOTAIR impairment impacted Snail/EZH2 interaction *in vitro* (see \'Co-immunoprecipitation\') and *in vivo*: ChIP assays of TGFβ-treated hepatocytes, in the absence or presence of HOTAIR, demonstrated that Snail occupancy on target promoters appears independent of HOTAIR, whereas the Snail-repressive activity, and the related modifications of chromatin marks guiding the outcome of the EMT, depend on HOTAIR/EZH2 recruitment. Thus, Snail is, in its functional state on the epithelial genes we tested, part of a ribonucleoprotein complex containing HOTAIR and the chromatin modifier EZH2. In other words, our data provide this paradigm of function: a DNA-binding transcriptional factor (i.e. Snail) conveys to specific sites a general chromatin modifier (i.e EZH2) by direct interaction with an lncRNA (i.e. HOTAIR). The EZH2 functional activity in EMT reaches specific chromatin loci by means of this interaction. Although we focused on a limited number of Snail target genes, we cannot exclude that this lncRNA can act on a larger battery of genes. Interestingly, a computational prediction of transcription factor binding sites governing mRNA expression dynamics suggested Snail as a transcription factor that mediates Polycomb targeting.^[@bib41]^ Consistently, EZH2 was found to regulate *E-cadherin* expression^[@bib42],\ [@bib43],\ [@bib44],\ [@bib45]^ in a Snail-dependent manner.^[@bib18],\ [@bib45]^ Moreover, the upregulation of both Snail and EZH2 was correlated to HCC progression and aggressiveness,^[@bib46]^ whereas their silencing significantly reversed tumorigenicity.^[@bib47]^

HOTAIR, in the frame of our observations, appears epistatic to Snail. Previous correlative evidence should be considered in line with this: HOTAIR overexpression was correlated with metastasis and poor prognosis in breast,^[@bib21]^ colorectal,^[@bib48]^ nasopharyngeal^[@bib49]^ and in liver cancer.^[@bib25],\ [@bib50]^ Moreover, forced HOTAIR expression in epithelial cancer cells was found to cause PRC2 complex occupancy pattern retargeting in parallel with metastatic properties acquisition.^[@bib21]^ While our investigation focuses on HOTAIR as Snail corepressor, it appears conceivable that HOTAIR informational capacity has other functions. Notably, other transcriptional factors may convey HOTAIR/EZH2 to different chromatin contexts in EMT and/or in other cellular processes.

Overall our work contributes to the understanding of how EZH2 gets to its genomic targets. The current study reveals a mechanism by which a DNA-binding transcriptional factor recruits a general chromatin modifier to specific sites by means of an lncRNA and emphasizes the role of HOTAIR as epistatic to the master repressor Snail in EMT.

Materials and methods
=====================

Cell culture conditions
-----------------------

Non-tumorigenic hepatocytes^[@bib51],\ [@bib52]^ were grown on collagen I-coated dishes in RPMI-1640 supplemented with 10% fetal bovine serum (Gibco Life Technology, Monza, Italy), 50 ng/ml epidermal growth factor, 30 ng/ml insulin-like growth factor II (PeproTech Inc., Rocky Hill, NJ, USA), 10 μg/ml insulin (Roche, Mannheim, Germany) and antibiotics. Where reported, cells were treated with 5 ng/ml TGFβ1 (PeproTech Inc.) for 24 h. Human Hep3B cells were grown in DMEM supplemented with 10% fetal bovine serum (Gibco) and antibiotics.

Cell transfection
-----------------

Cells were transfected with Lipofectamine 2000 transfection reagent (Invitrogen, San Diego, CA, USA), according to the manufacturer\'s protocol. Equal amounts of DNA (pLPCX vector (BD Biosciences Clontech, Palo Alto, CA, USA) or pLPCX/Snail^[@bib29]^ or pTRACER or pTRACER-HOTAIR (Gibco)) were used. Cells were analyzed 48 h post-transfection.

siRNA interference
------------------

Cells were transfected with equal amounts of siRNA against GFP (5′-GGCUACGUCCAGGAGCGCACC-3′), murine HOTAIR (5′-CUGUGUUUACAAGACCAGA-3′, 5′-CUAAGUCCUUCCAGAGAGA-3′, 5′-AAUAGAAAAACACAAAUAG-3′, 5′-CAAAUAGAAAAAACCAAUU-3′) or ON_TARGETplus Mouse Snai1 siRNA (GE Healthcare Dharmacon, Lafayette, CO, USA) by Lipofectamine 2000 (Invitrogen), according to commercial protocol and analysis was performed at 48 h.

RNA extraction, reverse transcription, reverse transcription and real-time polymerase chain reaction
----------------------------------------------------------------------------------------------------

RNAs were extracted by RNeasy Mini Kit (Qiagen GmbH, Hilden, Germany) or TRIzol (Ambion, Life Technology, Monza, Italy) and reverse transcribed with iScriptTM c-DNA Synthesis Kit (Bio-Rad Laboratories Inc., Hercules, CA, USA). cDNAs were amplified by qPCR reaction using GoTaq qPCR Master Mix (Promega, Madison, WI, USA). Relative amounts, obtained with 2^(−ΔCt)^ method, were normalized with respect to the housekeeping gene 18S rRNA.^[@bib53]^ List of primers is reported in [Table 1](#tbl1){ref-type="table"}.

Co-immunoprecipitation
----------------------

Cells were lysed in 50 m[m]{.smallcaps} Tris-HCl (pH 8.0), 150 m[m]{.smallcaps} NaCl, 5 m[M]{.smallcaps} EGTA (pH 8.0), 50 m[m]{.smallcaps} NaF (pH 8.0), 10% glycerol, 1.5 m[m]{.smallcaps} MgCl~2~, 1% Triton X-100 containing protease and phosphatase inhibitors (complete EDTA-free; Roche Applied Science, Mannheim Germany) and protein concentrations determined by Bradford method. One milligram of cell lysates, after preclearing with protein A-sepharose (GE Healthcare, Little Chalfont, Buckinghamshire, UK), was incubated with 5 μg of anti-EZH2 (sc-25383), anti-Snail (sc-28199; Santa Cruz Biotechnology Inc., Santa Cruz, CA, USA) or rabbit immunogobulin G (IgG) 12-370 (Millipore Corp., Bedford, MA, USA). The complexes were incubated for 2 h with protein A-sepharose. Immune complexes were washed, eluted and denatured in Laemmli buffer. Proteins from either cell lysates or immunoprecipitation were resolved on sodium dodecyl sulfate--polyacrylamide gel electrophoresis and transferred to nitrocellulose membrane (162-0115; Bio-Rad Laboratories). Blots were probed with primary anti-EZH2 05-1319 (Millipore Corp.) or anti-Snail L70G2 (Cell Signaling Technology Inc., Danvers, MA, USA) and immune complexes were detected with horseradish peroxidase-conjugated species-specific secondary antiserum (Bio-Rad Laboratories), followed by enhanced chemiluminescence reaction (Pierce, Rockford, IL, USA).

RNA immunoprecipitation
-----------------------

RIP was performed as reported in Dahm *et al.*^[@bib54]^ starting from 3 mg of cleared lysate. Immunoprecipitated RNA was reverse transcribed for reverse transcription and real-time polymerase chain reaction (RT--qPCR) amplifications. List of primers is reported in [Table 1](#tbl1){ref-type="table"}.

Primary antibodies for IP were: anti-EZH2 sc-25383, anti-Snail sc-28199 (Santa Cruz Biotechnology Inc.) and anti-HNF4α sc-8987X (Santa Cruz Biotechnology Inc.).

RNA pull-down and ChIRP analysis
--------------------------------

Complementary DNA oligonucleotides against full-length murine HOTAIR and ribosomal 45S RNA were designed (<http://www.singlemoleculefish.com>), compared with the mouse genome using BLAST and 3′-end biotinylated to capture DNA--RNA hybrids on streptavidin-coated magnetic beads (see [Table 2](#tbl2){ref-type="table"}).

Cells were irradiated or not in a UV crosslinker (Stratagene, Agilent Technologies, Santa Clara, CA, USA) using 0.8 J/cm^2^ at 254 nm, rinsed with phosphate-buffered saline, scraped and pelleted. The preparation of chromatin and all subsequent steps of ChIRP (for analysis of RNA, proteins and DNA) were differentially performed after or excluding the UV crosslinking step, according to Chu *et al.*^[@bib39]^ Sonication allows to obtain a DNA size range of 100--500 bp. In RNase-treated RNA pull-down samples were digested with RNase at 37 °C for 45 min before the preclearing step. Preclearing of chromatin was performed with 50 μl of streptavidin beads/sample (Promega). Probes (100 pmol) were added to 1 mg of precleared chromatin and mixed by end-to-end rotation at 25 °C for 2 h. One hundred microliters of washed/blocked streptavidin magnetic beads (Promega) were added to the samples (30 min). Magnets allowed the capture of beads/biotin probes/RNA/chromatin complexes. Non-denaturing washes were performed according to Zhao *et al.*^[@bib55]^ for the analysis of UV-untreated samples; denaturing washes were performed according to McHugh *et al.*^[@bib27]^ on UV-treated and -untreated samples.

Beads were resuspended in TRIzol (Ambion, Life Technology) to extract RNA. The enrichment of specific RNA transcripts was evaluated by RT--qPCR analysis. Primers are reported in [Table 1](#tbl1){ref-type="table"}.

Beads were treated with RNAse A (Sigma-Aldrich, St Louis, MO, USA), RNAse H (New England Biolabs, Ipswich, MA, USA) and DNase I (Sigma-Aldrich) before protein elution in Laemmli. Proteins were analyzed by western blot (see section \'Co-immunoprecipitation\').

Beads were treated with RNAse A (Sigma-Aldrich) and RNAse H (New England Biolabs) and then chromatin was treated with Proteinase K (Sigma-Aldrich) at 65 °C for 45 min. DNA was extracted by phenol:chloroform:isoamyl alcohol (Life Technologies) protocol and subjected to qPCR analysis. Primers are reported in [Table 3](#tbl3){ref-type="table"}.

ChIP analysis
-------------

ChIP analysis was performed as reported previously^[@bib56]^ by using rabbit α-Snail (H-130, sc-28199; Santa Cruz Biotechnology Inc.), rabbit α-EZH2 (H-80, sc-25383; Santa Cruz Biotechnology) or the negative control rabbit IgG (Millipore Corp., Bedford, MA, USA). Equal amounts of immunoprecipitated DNA and relative controls were used for qPCR analysis. Primers are reported in [Table 3](#tbl3){ref-type="table"}. qPCR analysis of immunoprecipitated samples (IP) and negative control (IgG) were normalized to total chromatin input and expressed as (2^(−ΔCt)^) x100 (% Input).

ReChIP
------

After anti-Snail or anti-EZH2 immunoprecipitation, ReChIP experiments were performed as reported previously,^[@bib57]^ using the same DNA quantity for each sample. qPCR of the immunoprecipitated fragments was performed using equal amounts of DNA (primer pairs in [Table 3](#tbl3){ref-type="table"}). The reaction was performed in the CFX Connect real-time PCR detection system (Bio-Rad Laboratories Inc.). Primer efficiency, relative quantity of each immunoprecipitated fragment with respect to input and standard deviations were determined with CFX Manager software (Bio-Rad Laboratories). Relative quantities of immunoprecipitated samples were normalized with respect to each input and expressed as (2^(−ΔCt)^) x100 (% Input).

Histones ChIP
-------------

Histones ChIP analysis was performed by using 5 μg of H3K27me3 antibody (07-449; Millipore Corp.) or rabbit IgG (Millipore Corp.) with magnetic beads (Magna ChIP protein A magnetic beads; 16661; Millipore). After washes, samples were eluted with the elution buffer (TE 1x, sodium dodecyl sulfate 0.5%), treated with RNAse A and with proteinase K. The extracted DNA was used in the qPCR analyses (primers are listed in [Table 3](#tbl3){ref-type="table"}). Data were expressed as (2^(−ΔCt)^) x100 (% Input).

Immunofluorescence analysis
---------------------------

For indirect immunofluorescence analyses, cells were methanol-fixed, permeabilized with 0.2% Triton, incubated with donkey serum (017-000-121; Jackson ImmunoResearch Laboratories, West Grove, PA, USA), treated with mouse α-E-cadherin (610182; BD Biosciences), rabbit α-Snail (38795; Cell Signaling Technology Inc.). Secondary antibodies were: Cy3 donkey anti-mouse IgG (H+L) (715.166.150; Jackson ImmunoResearch Laboratories), Alexa Fluor 488-conjugated (A21206; Invitrogen Molecular Probes, Eugene, OR, USA). Nuclei were stained with DAPI (4\',6-diamidino-2-phenylindole; 268298; Calbiochem Merck, Darmstadt, Germany). Images were examined with Nikon Microphot-FXA microscope (Nikon Corporation, Tokyo, Japan) equipped with a CCD camera. Digital images were acquired by Nikon NIS-elements software (Nikon Corporation).

Production of recombinant retroviruses and retroviral infections
----------------------------------------------------------------

BOSC 23 packaging cells were transiently transfected with pLPCX/Snail or with the pLPCX vector (used as a control).^[@bib29]^ For retroviral infections, cells were plated 24 h before the infection and then incubated with retroviral supernatants supplemented with 4 μg/ml polybrene for 7 h and re-fed with fresh medium. Infected cells were transfected 24 h after infection with specific siRNAs and analyzed after 48 h.

Statistical analysis
--------------------

Paired *t*-test and GraphPad Prism version 5.00 (GraphPad software, San Diego, CA, USA; <http://www.graphpad.com>) were used. A *P*-value (*P*) \<0.05 was considered statistically significant (\**P*\<0.05; \*\**P*\<0.01 and \*\*\**P*\<0.001). Data were obtained from independent experiments (*n*=5) expressed as means ±s.e.m.

Computational analysis
----------------------

Human and murine HOTAIR sequences were from RefSeq NCBI i.d.\'s NR047517.1 and NR047528.1. Snail and EZH2 sequences were from UniProtKB (human EZH2 i.d.: Q15910; mouse EZH2 i.d.: Q61188; human Snail i.d.: O43623; mouse Snail i.d. Q02085).

Sequence alignment was obtained using EMBOSS Water with default parameters. Data shown in [Supplementary Figure 4](#sup1){ref-type="supplementary-material"} were produced using an in-house developed script.
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EMT
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:   transforming growth factor-β
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![HOTAIR expression correlates to mesenchymal genes. (**a**) RT--qPCR analysis for *HOTAIR*, *EZH2*, the indicated epithelial (*E-cadherin* and *HNF4α*) and mesenchymal (*Snail*, *fibronectin* and *vimentin*) genes on hepatocytes treated with TGFβ or not treated (NT) with TGFβ for 24 h. The values are calculated by the 2^(−ΔCt)^ method, expressed as fold of expression versus the control (arbitrary value=1) and shown as means±s.e.m. Statistically significant differences are reported (\**P*\<0.05, \*\**P*\<0.01) for five independent experiments (NS=no significance). (**b**) RT--qPCR analysis for the same genes as in (**a**) in hepatocytes overexpressing HOTAIR (HOTAIR) or an empty vector (Ctr). The values are calculated by the 2^(−ΔCt)^ method, expressed as fold of expression versus the control (arbitrary value=1) and shown as means±s.e.m. No statistically significant differences were evaluated for five independent experiments.](onc2016260f1){#fig1}

![HOTAIR has a functional role in EMT. (**a**) RT--qPCR analysis for the indicated markers on HOTAIR-silenced hepatocytes (siHotair), compared with control siGFP cells (siCtr), treated (TGFβ) or not (Ctr) with TGFβ for 24 h. The values are calculated by the 2^(−ΔCt)^ method, expressed as fold of expression versus the control (arbitrary value=1) and shown as means±s.e.m. Statistically significant differences are reported (\**P*\<0.05, \*\**P*\<0.01) for five independent experiments (NS=no significance). (**b**) RT--qPCR analysis for the same markers as in (**a**) on hepatocytes overexpressing Snail (Snail), or a control vector (Ctr), and both HOTAIR (siHotair) or GFP (siCtr) silenced. RNAs were collected 72 h after infection and 48 h after transfection. The values are calculated as in (**a**). Statistically significant differences are reported (\**P*\<0.05, \*\**P*\<0.01) for five independent experiments. (**c**) Phase-contrast and immunofluorescence analysis for the indicated markers in cells as in (**b**) (magnification × 20). Blue DAPI staining shows the nuclei (DNA).](onc2016260f2){#fig2}

![Identification of the Snail/HOTAIR/EZH2 complex. (**a**) RIP assays with rabbit polyclonal anti-Snail, anti-EZH2 or preimmune IgG on 24 h TGFβ-treated (TGFβ) or untreated (NT) murine hepatocyte cell extracts. RNA levels in immunoprecipitates were determined by qRT--PCR. HOTAIR lncRNA and, as controls, ribosomal L34 RNA, GAPDH pre-mRNA and SRA lncRNA were reported as percentage with respect to 1/10th of the input sample (TGFβ treated in the hotair panel or NT in the other panels) (% Input). Data are means ±s.e.m. of three independent experiments. (**b**) Co-immunoprecipitation of Snail and EZH2. Immunoprecipitations with rabbit polyclonal anti-Snail, anti-EZH2, preimmune IgG or no antibody (NoAb) were performed on protein extracts from murine hepatocyte cells treated with TGFβ for 24 h and silenced for HOTAIR (siHotair) or GFP (siCtr) as control. Immunoblots were performed using anti-Snail and anti-EZH2 antibodies. (**c**) RIP assays with rabbit polyclonal anti-Snail, anti-EZH2 or preimmune IgG on TGFβ-treated (TGFβ) or untreated (NT) human hepatoma cell extracts. RNA levels in immunoprecipitates were determined by RT--qPCR. HOTAIR lncRNA and, as controls, ribosomal L34 RNA, GAPDH pre-mRNA and SRA lncRNA were reported as percentage with respect to 1/10th of the input sample (TGFβ treated in the hotair panel or NT in the other panels) (% Input). Data are means ± s.e.m. of three independent experiments. (**d**) Co-immunoprecipitation of Snail and EZH2. Immunoprecipitations with rabbit polyclonal anti-Snail, anti-EZH2 or preimmune IgG were performed on protein extracts from human hepatoma cells treated with TGFβ for 24 h and silenced for HOTAIR (siHotair) or GFP (siCtr) as control. Immunoblots were performed using anti-Snail and anti-EZH2 antibodies.](onc2016260f3){#fig3}

![Identification of the Snail/HOTAIR/EZH2 complex within the chromatin. (**a**) RNA pull-down for HOTAIR in the ChIRP analysis. Nuclei were prepared from cells overexpressing HOTAIR (HOTAIR), Snail (Snail) or both (HOTAIR/Snail) and, as control, transfected with the empty vectors (Ctr). Biotinylated complementary DNA probes effectively retrieved HOTAIR RNA, as compared with L34 and GAPDH. Note that in the double Snail/HOTAIR transfection the amount of each plasmid was halved. All the experiments have been performed in triplicate, after UV crosslinking (+UV, in denaturing condition) or not (−UV, in non-denaturing condition). As a negative control, specific pre-ribosomal 45S probes have been used in the pull-down assays, not retrieving HOTAIR in none of the tested experimental conditions. Data were reported as percentage with respect to the Input sample (% RNA retrieved). Means±s.e.m. are shown. (**b**) Western blot analysis for Snail (left panels) and EZH2 (right panels) of the chromatin fraction bound to HOTAIR, showing the direct interaction between both these proteins and HOTAIR. Proteins were obtained from total cell lysates (TOT) or from chromatin pulled down with probes recognizing HOTAIR (Hotair) or pre-ribosomal RNA 45S (45S). Cells were overexpressing HOTAIR (HOTAIR), Snail (Snail), both (HOTAIR/Snail) or the empty vectors (Ctr), as in (**a**). All the experiments have been performed in triplicate after UV crosslinking (+UV in denaturing condition) or not (−UV, in both denaturing and non-denaturing conditions). (**c**) ChIRP--qPCR analysis of the DNA in the chromatin fraction bound to HOTAIR. Crosslinked samples were as in (**a**). Data show the enrichment of HOTAIR on the Snail consensus binding sites on the murine promoters of *HNF4α*, *E-cadherin* and *HNF1α* only in the presence of Snail. *Timm* and *Snail* promoters were used as negative controls. Values derived from three independent experiments are expressed as the percentage of the Input chromatin (% Input) and reported as means ± s.e.m.](onc2016260f4){#fig4}

![Snail binding sites chromatin trimethylation requires HOTAIR. (**a**) qPCR analysis of ChIP assays with anti-Snail antibody (IP Snail) and, as control, normal rabbit IgG (IgG) on chromatin from murine hepatocyte cells silenced for HOTAIR (siHotair) or GFP (siCtr), as control, and treated (+TGFβ) or not (−TGFβ) with TGFβ for 24 h. Data show the direct recruitment of endogenous Snail on the correspondent consensus binding sites on the murine promoters of *HNF4α*, *E-cadherin* and *HNF1α*. *Timm* promoter was used as a negative control. Values derived from five independent experiments are reported as means ±s.e.m. and expressed as percentage of the Input chromatin (% Input). Statistically significant differences are reported (\**P*\<0.05, \*\**P*\<0.01, \*\*\**P*\<0.001). (**b**) qPCR analysis of ChIP assays with anti-H3K27me3 antibody (IPH3K27me3) and, as controls, normal rabbit IgG (IgG) on chromatin from murine hepatocyte cells silenced for HOTAIR (siHotair) or GFP (siCtr), as control, and treated (+TGFβ) or not (−TGFβ) with TGFβ for 24 h. Data show the enrichment of H3K27 trimethylation on the Snail consensus binding sites on the murine promoters of *HNF4α*, *E-cadherin* and *HNF1α*, as above. *Timm* promoter was used as a negative control. Values derived from five independent experiments are reported as means ± s.e.m. and expressed as the percentage of the Input chromatin (% Input). Statistically significant differences are reported (\**P*\<0.05, \*\**P*\<0.01).](onc2016260f5){#fig5}

![EZH2 is recruited by Snail to its target genes by means of HOTAIR. (**a**) qPCR analysis of ChIP assays with an anti-EZH2 antibody (IP EZH2) and, as controls, normal rabbit IgG (IgG) on chromatin from murine hepatocyte cells silenced for HOTAIR (siHotair) or GFP (siCtr), as control, and treated (+TGFβ) or not (−TGFβ) with TGFβ for 24 h. Data show the recruitment of EZH2 on the Snail consensus binding sites on the murine promoters of *HNF4α*, *E-cadherin* and *HNF1α* and, as control, its displacement from the HNF4α binding site on *Snail* promoter.^[@bib29]^ *Timm* promoter was used as unresponsive control sequence. Values derived from five independent experiments are reported as means ± s.e.m. and expressed as the percentage of the Input chromatin (% Input). Statistically significant differences are reported (\**P*\<0.05; \*\**P*\<0.01; \*\*\**P*\<0.001). (**b**) qPCR analysis of ReChIP assays of samples TGFβ treated for 24 h and silenced for HOTAIR (siHotair) or GFP (siCtr), as control. Values, derived from three independent experiments, are reported as means ±s.e.m. and expressed as the percentage of the Input chromatin (% Input).](onc2016260f6){#fig6}

![Scheme of the proposed repression switch occurring in hepatocyte undergoing EMT. (**a**) In mesenchymal cells Snail represses E-cadherin and HNFs through the enrollment of the HOTAIR/polycomb complex. (**b**) Summary of transcriptional modulation occurring during EMT.](onc2016260f7){#fig7}

###### List of primers used in RT--qPCR analysis

  *Target gene*                 *Primer sequences (5′-3′)*
  ----------------------------- -------------------------------------------------------
  *snail (mus musculus)*        Fw, CCACTGCAACCGTGCTTTT Rev, CACATCCGAGTGGGTTTGG
  *hnf4α (mus musculus)*        Fw, TCTTCTTTGATCCAGATGCC Rev, GGTCGTTGATGTAATCCTCC
  *e-cadherin (mus musculus)*   Fw, CTACTGTTTCTACGGAGGAG Rev, CTCAAATCAAAGTCCTGGTC
  *L34 (mus musculus)*          Fw, GGAGCCCCATCCAGACTC Rev, CGCTGGATATGGCTTTCCTA
  *gapdh (mus musculus)*        Fw, TGTGTCCGTCGTGGATCTGA Rev, CCTGCTTCACCACCTTCTTGA
  *18S (mus musculus)*          Fw, ACGACCCATTCGAACGTCTG Rev, GCACGGCGACTACCATCG
  *hnf1α (mus musculus)*        Fw, TATCATGGCCTCGCTACCTG Rev, ACTCCCCATGCTGTTGATGA
  *hotair (mus musculus)*       Fw, GCGCCAACGTAGACCAAAAG Rev, TACCGATGTTGGGGACCTCT
  *timm (mus musculus)*         Fw, CAAACTATCGCACTGTTGCCC Rev, GCCCAGCGTTTCTCTTTTGG
  *sra (mus musculus)*          Fw, AGACAATACCAGGCTTCCAAC Rev, TCAAGACCCACAAGACCAATAG
  *ezh2 (mus musculus)*         Fw, TCCGAATAACAGTAGCAGAC Rev, ACACCGAGAATTTGCTTCAG
  *hotair (homo sapiens)*       Fw, CGGGACTTAGACCCTCAGGT Rev, GTTCCATTCCACTGCGAAGC
  *L34 (homo sapiens)*          Fw, GTCCCGAACCCCTGGTAATAG Rev, GGCCCTGCTGACATGTTTCTT
  *gapdh (homo sapiens)*        Fw, GGGGAGATTCAGTGTGGTGG Rev, GTGGCTGGCTCAGAAAAAGG
  *sra (homo sapiens)*          Fw, TTCAAGTAAGGCTCCCAGGTC Rev, TCCAAAGGTCTCAGCACATCC

Abbreviations: Fw, forward; Rev, reverse; RT--qPCR, reverse transcription and real-time polymerase chain reaction.

###### List of probes used in RNA pull-down

  *Target gene*   *Sequence 5*′-- *3*′
  --------------- ----------------------
  *Hotair 1*      TTCTGGTCTTGTAAACACAG
  *Hotair 2*      TTCTCTCTGGAAGGACTTAG
  *Hotair 3*      TCTATTTGTGTTTTTCTATT
  *Hotair 4*      TAATTGGTTTTTTCTATTTG
  *Hotair 5*      TTGAGAGTGAATTCTGCAGC
  *Hotair 6*      TTATAAGGAAGGCGTCGGTC
  *Hotair 7*      CTGCGAAGAGGGTTTCAAGG
  *Hotair 8*      ATAGATGTGCGTGGTCAGAT
  *Hotair 9*      TGAGCCTAAGCAGCATTATG
  *Hotair 10*     ACAGTGATCTGGAGAGCTAG
  *Hotair 11*     CCGTGCTGAATGAAGGGAAC
  *Hotair 12*     CTATTGCATGAAATGCACCC
  *45S 1*         ATGGGTTAAGGAGGACAAGA
  *45S 2*         TTCAATTACACTCTGACCCG
  *45S 3*         AGTGAAACACGTGAGGGCAC
  *45S 4*         GAGAAACTTTCCAAGGCCAG
  *45S 5*         CGTGGTAGACGAGAGAGCAA
  *45S 6*         GAGGCGACACAACCACACAG
  *45S 7*         AAAACCGGCGGGAATCACAC
  *45S 8*         AAGCGGAGGCGGAGGACGAA
  *45S 9*         AACTGACCGCGGCGCTAAAC
  *45S 10*        GAAAGAGAAGCGCGACACCG
  *45S 11*        GAGGACAAACCGGGGGTGAG
  *45S 12*        AAGAGCCGGACGGGAAAGAG

###### List of primers used in ChIRP and ChIP assays analysis of the DNA

  *Target gene*                 *Primer sequences (5*′-- *3*′)
  ----------------------------- -------------------------------------------------------
  *HNF4a promoter E-box*        Fw, GGAGATGGAAACTGAGGCTTG Rev, GTCACATGCTTTGGGAACCG
  *E-cadherin promoter E-box*   Fw, GAACGACCGTGGAATAGGAA Rev, CTCCCACACCAGTGAGCAG
  *HNF1a promoter E-box*        Fw, GCACTTGGGAGCTAGAGGTA Rev, TGTGTGTGTATCTCTCTGTGTCT
  *Timm promoter*               Fw, ACGGATGTGGCCCTTCTGGCT Rev, CCGCTCCGAAACGCCCACAA
  *Snail promoter*              Fw, TGTTCAGGGCTGTGTAGAC Rev, GAGCTGCTGACCTTTGG

Abbreviations: ChIP, chromatin immunoprecipitation; ChIRP, Chromatin isolation by RNA purification; Fw, forward; Rev, reverse.

[^1]: Co-first authors.
